In the matter dominated era of the expanding Universe, gains in gravitational potential energy are balanced by losses in kinetic energy. However, for massive, nonrelativistic relic neutrinos, such an equilibrium cannot be reached. The losses in kinetic energy are systematically too large, which increases the rate of expansion. In a Universe where nonrelativistic neutrinos account for a significant fraction of the total mass, this should be a noticeable effect. The experimentally observed accelerating rate of expansion suggests neutrino mass values of the order of 1 eV/c 2 .
I. INTRODUCTION
The experimental observation [1, 2] that distant Type Ia Supernovae are dimmer than expected seems to lead to the inevitable conclusion that the rate at which the Universe expands has increased since the time when these stellar explosions occurred, 5 -10 billion years ago. This has led to widespread speculation as to what might have caused such an accelerated expansion. Various authors have ascribed the responsibility for this phenomenon to anti-gravitational action associated with "dark energy" [3] , "quintessence" [4] or the "cosmological constant" [5] .
Others have speculated about modifications in Newtonian dynamics that may play a role at very small acceleration values [6] . In this paper, we argue that there is another scenario that may explain the experimental observations. This scenario does not invoke new forces or new forms of energy. It is based on the assumption that the relic neutrinos, remnants of the Big Bang, carry a small rest mass, of the order of 1 eV/c 2 .
II. RELIC NEUTRINOS
According to the Big Bang model, the Universe underwent a phase transition when the temperature had dropped to about 3000 K, i.e. at a redshift of about 1100. At that point, stable hydrogen atoms started to form and the Universe became transparent to radiation. This turning point, which occurred when the Universe was ∼ 7 · 10 5 years old, marked the transition from the radiation dominated era to the matter dominated one. Gravity became the dominating force in the Universe.
The expansion of the Universe is governed by the Friedmann equation:
In this equation, G and H are Newton's and Hubble's constants, while r and ρ denote the scale and the mass density of the Universe. The value of the constant k determines the curvature of space, as well as the Universe's ultimate fate (closed, flat or open for k > 0, k = 0 and k < 0, respectively). This equation essentially describes conservation of energy on a universal scale. In the matter dominated era, kinetic energy losses are balanced by the gravitational potential energy gained as a result of the expansion. In the case of a flat Universe, favored by inflation-based models, an expansion by a factor of 2 would decrease the total gravitational binding energy between the particles, − Gm i m j /r ij , by a factor of 2 and reduce the total kinetic energy of all particles combined, as well as the energy of the relic photons, by a factor of 2 as well.
If the Universe was filled with an ideal gas in thermal equilibrium, then that would be exactly what one should expect: An increase of r by a factor of 2 means that the wavelengths of the photons characterizing the temperature of that gas are stretched by a factor of 2, hence the temperature (kT = hc/λ) is reduced by a factor of 2, and therefore the average kinetic energy of the atoms (
kT ) is also reduced by a factor of 2. However, the situation would be different if the massive particles in the Universe were nonrelativistic neutrinos instead of nucleons. According to the Big Bang model, large numbers of neutrinos and antineutrinos have been around since the beginning of time. In the very first second, when the temperature of the Universe exceeded 1 MeV, the density was so large that the (anti-) neutrinos were in thermal equilibrium with the other particles that made up the primordial soup: photons, electrons, positrons and nucleons. Photon-photon interactions created e + e − pairs, which annihilated into photon pairs. Interactions between (anti-)neutrinos and nucleons turned protons into neutrons and vice versa. This leptonic era came to an end when the density dropped to the point where the mean time between subsequent ν interactions started to exceed the lifetime of the Universe, ∼ 1 second after the Big Bang. Since that moment, the wavelengths of the (anti-)neutrinos have been expanding in proportion to the size of the Universe. Their present spectrum is believed to be a momentumredshifted relativistic Fermi-Dirac distribution, and the number of particles per unit volume in the momentum bin (p, p + dp) is given by N (p)dp = p 2 dp
where g ν denotes the number of neutrino helicity states [7] . The distribution is characterized by a temperature T ν , which is somewhat lower than that for the relic photons. Since (T ν /T γ ) 3 = 4/11 and T γ = 2.726 ± 0.005 K [8] , T ν is expected to be 1.95 K. The present density of these Big Bang relics is estimated at ∼ 220 cm −3 , for each (Dirac) neutrino flavor [9] . That is nine orders of magnitude larger than the density of baryons in the Universe. It is important to realize that, depending on their mass, these relic neutrinos might be very nonrelativistic at the current temperature (kT ν ∼ 10 −4 eV). Since they decoupled, their momenta have been stretched by a factor of 10 10 , from 1 MeV/c to 10 −4 eV/c. If their rest mass were 1 eV/c 2 , then their maximum velocity would thus be 10 −4 c, or only 30 km/s. The experimental upper limit on the mass of the electron antineutrino was recently determined at 2.2 eV/c 2 (95% C.L.), from a study of the electron spectrum of 3 H decay [10] . The experimental results on atmospheric and solar neutrinos obtained by the Superkamiokande [11] and SNO [12] Collaborations suggest that neutrinos do have a nonzero rest mass. There is no experimental information that rules out a rest mass of the order of 0.1 -1 eV/c 2 , i.e. 10 3 kT ν < m ν c 2 < 10 4 kT ν .
III. MASSIVE NEUTRINOS IN AN EXPANDING UNIVERSE
Massive, nonrelativistic neutrinos would behave very differently from an ideal gas in an expanding Universe. In Section 2, we argued that in a flat Universe with all mass contained in nucleons, an expansion by a factor of 2 would reduce the average kinetic energy of the nucleons by a factor of 2 as well. However, if relic nonrelativistic neutrinos were the only massive particles in the Universe, then such an expansion (in which the momenta of the particles decrease by a factor of 2) would reduce the average kinetic energy (p 2 /2m) by a factor of 4. It should be emphasized that this discrepancy only plays a role for nonrelativistic neutrinos. When the Universe was much younger and the relic neutrinos were still highly relativistic (kT ≫ 1 eV, i.e. γ ≫ 1), a change in the value of their momenta (p = γm 0 c) had approximately the same relative effect on the kinetic energy (
2 ). The relative effects of the expansion of the Universe on the momenta and on the kinetic energy of the relic neutrinos started to differ from each other as the temperature approached the rest mass of the neutrinos, as illustrated in Figure 1 . The phenomenon shown in Figure 1 implies that the delicate balance required by Equation 1, where gains in gravitational potential energy are balanced by losses in kinetic energy cannot be reached for such nonrelativistic relic neutrinos. The kinetic energy losses are systematically too large when their momenta are inversely proportional to the size of the Universe. In that case, energy conservation demands an additional increase in gravitational potential energy, in other words an additional increase of the scale factor r. However, such an effect would further distort the imbalance that caused it in the first place. A Universe in which nonrelativistic neutrinos were the only particles would thus undergo a runaway accelerated expansion. The presence of other particles, which do not exhibit this unique peculiarity of the nonrelativistic neutrinos, prevents this from happening. However, if such neutrinos represented a significant fraction of the total mass of the Universe, then this peculiarity should have a noticeable effect on its expansion characteristics. In the Friedmann equation, the imbalance described above would necessitate an extra term, ∆(r):
This term, which describes the increasing difference be-tween the two curves in Figure 1 , has properties that are very similar those of a cosmological constant. The main difference is that the term ∆(r) only plays a role during a well defined phase of the history of the Universe. This period started when kT ν became comparable to m ν c 2 , i.e. when the neutrinos became nonrelativistic. Therefore, the observed accelerated expansion of the Universe might tell us something about the neutrino mass.
IV. THE NEUTRINO MASS
If massive relic neutrinos are indeed responsible for the accelerated expansion of the Universe, then there must be a relationship between the neutrino mass and the rate of acceleration. Based on the fact that the acceleration is observed to have taken place during the past 5 -10 billion years, i.e. when the temperature dropped from ∼ 6K to 3K, we can immediately put a constraint on the possible value of the neutrino masses. If m ν < 10
2 , then the relic neutrinos would still be relativistic today and, therefore, the effects described above would not (yet) play a role. In order to further constrain the mass range, we have to examine the precise relationship between m ν and H(t). We will do that under the assumption of a flat Universe (k = 0). In that case, the time evolution of the Hubble constant in the absence of the effects deriving from the nonrelativistic neutrinos, i.e. the solution of Equation 1, is described by
where t H is the Hubble time (1/H 0 ) and H 0 the present value of the Hubble constant. Expressed in terms of the redshift (z) of the object whose luminosity served as the basis of the time measurement, this equation becomes
This relationship is represented by the curve labeled "m ν = 0" in Figure 2 . Going back in time (to larger redshift values), the value of H increases. The expansion has slowed down since the light from distant objects was emitted.
When the term ∆(r), which describes the effects of the nonrelativistic neutrinos, is taken into account, the time evolution changes. For very small m ν values, the zdependence is barely affected. However, as m ν increases, the deceleration rate decreases and if m ν becomes sufficiently large, the trend is even reversed into an accelerated expansion.
We have evaluated these effects quantitatively as follows. Let us go back in time to the era in which light observed today as coming from a z = 5 object was emitted. At that time, the distance scale of the Universe was a factor of 6 smaller than today, and the temperature was a factor of 6 higher. Let us now consider the expansion to z = 4, in which all distances increased by a factor of 6/5 and the temperature dropped by a factor of 5/6. If the relic neutrinos were massless, or sufficiently relativistic, then the value of H would decrease from 14.7H 0 to 11.2H 0 in this process (Equation 5 ) and the energy density ρ, which is proportional to H 2 (Equation 1) would decrease from 216 (6 3 ) to 125 (5 3 ), in arbitrary units. If the relic neutrinos are nonrelativistic, then this scenario is modified as follows. The momenta of the neutrinos decrease to 5/6 of their initial value, but the kinetic energy of these particles decreases to (5/6) 2 . Therefore, there is an excess energy released corresponding to 13.9% (5/6 -25/36) of the total gravitational potential energy of the neutrinos. This excess energy has to be added to the value of ρ. If we assume a mass ratio m ν /m p = 10 −9 and an abundance ratio N ν /N B = 10 9 , then the value of ρ is thus not 125 when the Universe has expended to z = 4, but 13.9% higher, leading to a value H z=4 = 11.9H 0 instead of 11.2H 0 . If the neutrino mass, or the neutrino/baryon ratio, were twice as large, then this excess energy would lead to a 27.8% increase in the energy density and thus to H z=4 = 12.6H 0 . In the next step, we can consider a further expansion of the Universe, for example to z = 3, and so on, until we reach the present time. In each step, excess energy released in the expansion of the neutrino component leads to an increase of the overall energy density, and thus to a larger H value than one would get in the case of massless, or sufficiently relativistic neutrinos. Following this procedure, we have solved Equation 3 numerically with a computer routine that we developed for this purpose. This program allows us to choose the step length of the expansion process, the neutrino mass value and the neutrino/baryon ratio as desired. Some results are also shown in Figure 2 , for neutrino masses of 0.25, 0.50, 0.75 and 1 eV/c 2 . These results were obtained for an abundance ratio N ν /N B = 4.5 · 10 9 , which was adopted on the following basis. Big Bang Nucleosynthesis considerations lead to an estimated baryon/photon ratio 2.6 · 10 −10 < N B /N γ < 6.3 · 10 −10 [13] . Assuming 3 generations of Dirac neutrinos, the ratio N ν /N γ = 18/11 [9] . Therefore, 1.6 · 10 −10 < N B /N ν < 3.8 · 10 −10 , or N ν /N B = (4.5 ± 1.9) · 10 9 . The step length was ∆z = 0.01 in these calculations. The experimental Type Ia Supernovae data [1, 2] , which are also shown in Figure 2 , seem to favor a neutrino mass of ∼ 1 eV/c 2 . This is consistent with other astrophysical estimates of this mass value [15] [16] [17] . One might conclude from Figure 2 that distant Supernova explosions could provide a precision measurement of the neutrino mass. However, it is important to realize that a determination of the neutrino mass based on such data hinges critically on knowledge of the neutrino/baryon abundance ratio. If this ratio is known with a precision of a factor of three, then the neutrino mass value derived on the basis of the observed expansion rate cannot be more precise than that. Moreover, our calculations were carried out for a flat Universe. Different assumptions about the value of k would, for a given neutrino mass, lead to a different time evolution of H. Yet, it is remarkable that if we choose N ν /N B and k to the best of our current understanding of their values, then the accelerated expansion of the Universe suggests a neutrino mass that falls precisely inside the narrowing window still allowed by direct measurements of this important parameter.
V. CONCLUSIONS
An expanding gas consisting of nonrelativistic neutrinos exhibits the unique property that gains in gravitational potential energy are overcompensated by losses in kinetic energy. In the expanding Universe, this excess energy, contributed by the relic neutrino component, adds to the overall energy density and thus reduces the decelerating effect of the gravitational force. If the neutrino mass is sufficiently large, then this effect may even lead to an accelerated expansion. Reasonable assumptions on the parameters involved suggest that the observed high-z Supernova data may be explained by relic neutrinos with a mass of the order of 1 eV/c 2 .
